As the evidence of predictive processes playing a role in a wide variety of cognitive domains increases, 14 the brain as a predictive machine becomes a central idea in neuroscience. In auditory processing a consid-15 erable amount of progress has been made using variations of the Oddball design, but most of the existing 16 work seems restricted to simple stimuli and predictions based on physical features or conditional rules 17 linking successive stimuli. Here we present two experiments that use speech-like stimuli to overcome 18 these limitations and avoid common confounds. Pseudowords were presented in isolation, intermixed 19 with infrequent deviants that contained unexpected phoneme sequences. As hypothesized, the occur-20 rence of unexpected sequences of phonemes reliably elicited an early prediction error signal, compatible 21 1 with a MMN-like response. These prediction error signals were not modulated by an attentional manipu-22 lation induced by different task instructions, suggesting that the predictions are deployed even when the 23 task at hand does not volitionally involve error detection. In contrast, the amount of syllables congruent 24 with a standard pseudoword presented before the point of deviance exerted a strong modulation. Pre-25 diction error's amplitude doubled when two congruent syllables were presented instead of one, despite 26 78 iments 1 and 2 differed with respect to the instructions given to the participants. While in experiment 1 79 participants were instructed to count the occurrence of deviants, in experiment 2 they were required to 80 learn all pseudowords. We expected that an early prediction error signal would be present in both exper-81 3 iments, implying that predictions are deployed even if the task at hand does not require error detection.
In the case of the third syllable, while one STD pseudoword used the vowel 'i', the other one used the 136 vowel 'e'. In the case of the second syllable, both STD pseudowords had 'a' as the vowel (Figure 1, A) . 137 For each syllable position, the consonants of both STD pseudowords had the same mode of articulation. 138 Finally, the point of cutting was set close to zero amplitude. This measures had the effect of reducing the 139 difference between both STD pseudowords at the points of syllable transitions so that when cross-spliced 140 to construct the deviant pseudowords, these would not contain sharp transitions. 141 Figure 1 : A: Scatter plot of 1st and 2nd formant of each vowel. B: Stimulus set in IPA notation. Deviant pseudowords were produced by cross-splicing the 2 STD pseudowords either at the end of the first syllable (XYY) or at the end of the second syllable (XXY). Two additional NEW pseudowords with a XYX structure were used only in a forced choice test at the end of experiment 2. C: In both experiments, stimuli were presented in 13 blocks separated by 20 seconds. Within each block, pseudowords were presented with an inter stimulus interval between 900 and 1300 ms. The first blocks consisted solely of STD pseudowords. Subsequent blocks were composed of 84% STD pseudowords 8% XYY deviant pseudowords and 8% XXY deviant pseudowords. Pseudoword order was pseudo-random. A minimum of 2 and a maximum of 4 STD pseudowords were presented between deviants and no deviants were presented more than 2 times consecutively.
The final set consisted of 2 STD pseudowords, 2 XYY deviants, 2 XXY deviants and 2 NEW pseu-142 dowords (Figure 1, B) . All pseudowords were checked by a native Italian speaker linguist to ensure that 143 they sounded as plausible but not real Italian words. 144 While previous work in the literature has shown that the generation of predictions can serve word the EEG recording found between the STD condition and the deviant conditions could not be attributed 149 to differences in instantaneous low level features. Instead, they could in principle only be attributed to the 150 violation of the abstract rule learnt during the experiment (Paavilainen, 2013), according to which given 151 6 a syllable X n , the next syllable of the word should be X n+1 . 152 Note that in the case of the stimuli used here, the only feature that defined a pseudoword as deviant 153 was that following the syllable X n , instead of the usual syllable X n+1 , the syllable Y n+1 (which belongs 154 to a different STD pseudoword) was presented. Additionally, as the overall frequency of presentation of 155 all syllables used to construct the stimuli was the same, this design avoids a common confound between 156 expectation and frequency of presentation (Heilbron and Chait, 2017 was pseudo-random. A minimum of 2 and a maximum of 4 STD pseudowords were presented between 168 deviants and no deviants were presented more than 2 times consecutively (Figure 1, C).
169
In experiment 1, participants were instructed to learn all made up "words" (i.e. pseudowords) in block 170 one, and from block 2 onwards count the occurrence of "mistaken words" (i.e. deviant pseudowords) and 171 write down the number of "mistaken" words during the pauses between blocks. In contrast, in experiment 172 2, participants were not informed about the presence of deviants and were simply instructed to learn all 173 made up "words" (i.e. pseudowords). Behavioural performance in experiment 2 was only assessed at the 174 end of the task, by requiring participants to completed a forced choice test. On each trial, participants 175 heard 2 pseudowords in sequence and were requested to choose the one that most likely was presented 176 during the experiment. Participants completed 4 trials for each of 6 contrasts between conditions, for a 177 total of 24 trials, presented in pseudorandom order (only 1 repetition of contrast type was allowed). The 178 contrasts between conditions were "STD vs XYY", "STD vs XXY", "XYY vs XXY", "STD vs NEW", 179 "XYY vs NEW" and "XXY vs NEW". Participants reported their answers verbally and the experimenter 180 entered them through keyboard. Order of presentation of pseudowords within trial was counterbalanced. Only after this cleaning procedure the data was divided into conditions. Given that different pseu-206 dowords from different conditions were presented with different frequencies, the datasets of each condi- Additionally, in order to corroborate results found at the group level were robust and not driven by 241 outliers, we performed a test at the participant level. For each individual participant, the mean amplitude 242 9 over the time of the detected group level cluster was calculated, and the conditions of interest were 243 submitted to a paired t test in order to obtain a t value. Next, the t values from all participants were 244 converted to 1 if they show a difference between conditions in the same direction as the group lever 245 cluster or 0 if otherwise. A one-tailed binomial test was performed on these transformed t values, with 246 equal or lower likelihood as null hypothesis. The logic of this analysis is that if an effect is true at the 247 group level, then the majority of participants should show a difference between conditions in the same 248 direction. Note that the test used is one-tailed because the hypothesis to test is directional.
249
All effect sizes reported are Hedges' g (Hedges, 1981; Lakens, 2013), which is less biased than Co- Note that the method of asking participants to mentally count the occurrence of deviants does not 272 allow us to determine with certainty neither the occurrence of false alarms, nor the detection rate for each 273 deviant condition. Despite this, given that the mean count of deviant was close to the actual number of 274 deviants presented, we can conclude that in experiment 1, participants were able to perform the task with 275 high accuracy for both deviant conditions. 276 Contrary to experiment 1, during experiment 2 participants were not aware of the presence of deviant 277 pseudowords. Despite this, at the end of the experiment, they were requested to perform a force choice 278 test in which each stimuli condition was contrasted against the others and against new pseudowords that 279 were not presented during the blocks. The mean preference in each contrast was calculated for each 280 participant and a one sample t test was performed at the group level to test against the null hypothesis 281 of no difference from chance (i.e. 50%). Results were corrected for multiple comparisons using the 282 Bonferroni-Holm method.
283
Participants preferred STD pseudowords over both deviant types. They choose STD pseudowords 284 over XYY deviants on 67.24% of the trials (t (28) = 3.57, p = 0.0051, g = 0.66 [0.25, 1.06]) and over XXY 285 deviants on 69.82% of the trials (t (28) = 4.07, p = 0.0017, g = 0.75 [0.33, 1.16]). When both deviant 286 types were contrasted, participants preferred XYY over XXY deviants on 62.06% of the trials, but this 287 preference was not reliable (t (28) = -2.31, p = 0.056, g = 0.43 [0.04, 0.80]).
288
Next, we contrasted the pseudowords used in the experiment against NEW pseudowords that were not 289 previously presented. Participants preferred STD pseudowords over NEW pseudowords on 85.34% of 290 the trials (t (28) = 10.39, p = 2.46×10 −10 , g = 1.92 [1.30, 2.54]) and XXY deviants over new pseudowords 291 on 64.65% of the trials (t (28) = 2.99, p = 0.0169, g = 0.55 [0.16, 0.94]). XYY deviants on the contrary, 292 could not be distinguished from NEW pseudowords as they were preferred on only 55.17% of the trials 293 (t (28) = 1.03, p = 0.3117, g = 0.19 [-0.17, 0.55]).
294
In brief, these results indicate that in experiment 2, despite the fact that the instructions provided did 295 not explicitly distinguish between standard and deviant pseudowords, participants displayed a preference 296 for STD pseudowords over both deviant types. Even though both deviant types had the same probability 297 of occurrence, while XXY deviants could be distinguished from NEW pseudowords, XYY could not.
298

EEG evidence of phonological predictions 299
In order to test whether phonological predictions are deployed during speech perception in the absence 300 of semantic and syntactic information, we focused first on the analysis of the Fronto-Central ROI, where 301 the presentation of a deviant pseudoword was expected to elicit an early prediction error signal. 302 
11
In experiment 1, XYY deviants elicited such response, peaking in amplitude at 160ms (t (17) = -37.41, 303 p = 0.0224, g = 0.81 [0.24, 1.38]), followed by a positive deflection with peak amplitude at 252ms (t (17) 304 = 59.01, p = 0.0064, g = 0.83 [0.26, 1.41]) (Figure 2, A) . XXY deviant also elicited a prediction error 305 response with peak amplitude at 184ms (t (17) = -53.24, p = 0.0162, g = 0.99 [0.34, 1.64]) (Figure 2, B) . The results of experiment 1 show that the presentation of a deviants pseudoword, composed by an 307 unexpected sequence of phonemes, elicited prediction error signals. Since in experiment 1 participants 308 were instructed to count "mistaken" (i.e. deviant) pseudowords, we sought to replicate these results 309 under conditions more akin to natural speech perception. Experiment 2, while using the same stimuli 310 and OddBall design of experiment 1, differed with respect to the instructions given to the participants. In 311 experiment 2 participants were asked to learn all pseudowords, without informing them of the presence 312 of deviants.
313
Once more our analysis of the Fronto-Central ROI revealed that both deviant types evoked a prediction 314 error signal. XYY deviants elicited a response peaking in amplitude at 155ms (t (19) = -30.34, p = 0.0282, 315 g = 0.49 [0.13, 0.85]). This was followed by a positivity peaking at 223ms (t (19) = 24.64, p = 0.0454, g 316 = 0.39 [0.09, 0.70]) (Figure 2, C) . In the case of XXY deviants, peak amplitude was reached at 158ms 317 (t (19) = -126.17, p = 0.00059, g = 0.63 [0.28, 0.98]) (Figure 2, D) .
318
Results at the group level were corroborated by performing a test participant by participant, as de-319 scribed in the Methods section. This analysis showed that in both experiments and for both deviant 320 conditions, the majority of the participants displayed a difference between conditions in the direction 321 congruent with the tested hypothesis (Experiment 1: XYY deviant, 16/18 88.89% p = 0.0006; XXY 322 deviant, 16/18 88.89% p = 0.0006. Experiment 2: XYY deviant, 16/20 80% p = 0.0059; XXY deviant, 323 16/20 80% p = 0.0059).
324
Taken together, the results of experiments 1 and 2 show that the presentation of deviants composed by 325 an unexpected sequence of phonemes trigger an early prediction error signal. The presence of this error 326 signal indicates that a prediction about the forthcoming phoneme had been made, even when the context 327 didn't contain any syntactic or semantic information.
328
Phonological predictions under different instructions 329 In order to test whether predictions are deployed regardless of the task at hand, experiments 1 and 2 330 used the same stimuli and design, but differed in the instructions given to the participants. While in 331 experiment 1 participants were requested to count the occurrence of deviants, in experiment 2 they were 332 not informed about the presence of deviants and were instead requested to learn all pseudowords. Despite 333 this difference, as we reported at the beginning of this section, the presentation of deviant pseudowords 334 elicited an early prediction error signal in both experiments.
335
To confirm that the change in instructions successfully induced a different attention allocation be- 1. We expected to find higher amplitudes in experiment 1, due to the presence of the P3b elicited by the 355 14 deviants. We were able to confirm this for both deviants (One-tailed independent samples Student's t test. In both experiments the early prediction error signal elicited by XXY deviants had a bigger amplitude 381 than the signal elicited by XYY deviants (Experiment 1: t (17) = -47.35, p = 0.0100, g = 0.61 [0.20, 1.03].
382
Experiment 2: t (19) = -85.70, p = 0.00039, g = 0.94 [0.33, 1.54]; Figure 4, A and B) . 
402
Abstract rule designs have given support to Predictive Coding by showing that putative early predic-403 tion error signals, like the MMN response, cannot be fully explained by simple adaptation to standard 404 stimuli (and lack of adaptation to deviant stimuli). But in all the designs mentioned above, the rules used 405 established relationships only between consecutive stimuli. Therefore, these experimental designs only 406 allow to study the sensitivity of the predictive system to local transitional probabilities.
407
To the best of our knowledge, there are only two paradigms that allow to test violations of an abstract predictions that integrate information beyond adjacent stimuli, these designs use tone stimuli that are far 416 less complex than naturally occurring sounds. 417 As evidence suggests that the generation of predictions might be one of the strategies that the speech , and given that abstract rules and long range depen-420 dencies are ubiquitous in language, one way to overcome the limitations of the experimental designs 421 described above is to use speech-like stimuli.
422
In the context of speech processing, it has been shown that listeners tend to hallucinate the presence of 
431
The studies described in the previous paragraph have provided compelling evidence of the role that 432 predictions play in speech processing, but besides using speech as a complex auditory stimuli, they in-433 corporate in their designs other linguistic factors such as syntax, semantic information and phonotactics. 434 We proposed that phonological prediction might be generated within words, even in the absence these 435 additional sources of information. To test this, we performed 2 EEG OddBall experiments in which 436 only phonological information was available to generate phonological predictions. Importantly, the de-437 viant pseudowords used in these experiments were constructed by cross-splicing standard pseudowords. 438 Therefore, each phoneme in a deviant pseudoword was acoustically identical to a phoneme in a standard 439 pseudoword. The only feature that defined a pseudoword as deviant, was that following the phoneme 440 X n , instead of the usual phoneme X n+1 , the phoneme Y n+1 , which belongs to a different pseudoword, 441 was presented. In this way, the ERP responses registered in these experiments could not be elicited by Experiments 1 and 2 differed in the instructions given to the participants. While in experiment 1 458 participants were instructed to count the occurrence of "mistaken words" (i.e. deviants), in experiment 459 2 they were not informed about the occurrence of deviants and were simply instructed to learn all the 460 pseudowords. This aimed to induce in experiment 2, an attentional state that resembles more closely the 461 one held during natural speech processing.
462
To confirm the effects of this attentional manipulation, we tested for the presence of a P3b component difference between experiments 1 and 2 indicated that the attentional manipulation was successful.
469
Despite this difference in attention allocation, the behavioural results of experiment 2 show that par-470 ticipants preferred standard pseudowords over both deviant types, suggesting that participants extracted 471 the pseudoword frequencies of the stimuli, even if this was not an explicit requirement of the task. Fur-472 thermore, Bayesian analysis found moderate evidence of no difference in amplitude of the early predic-473 tion error signals elicited across experiments, suggesting that phonological predictions can be deployed, 474 even if the task at hand does not require detecting abnormalities in the speech stream. As the attention 475 allocation held by the participants during experiment 2 resembles closely the one use for natural speech 476 processing, these results imply that the language comprehension system proactively anticipates incoming 477 phonemes within individual words. 478 One way in which these phonological predictions could be implemented is by extracting the local 479 18 transitional probabilities between adjacent phonemes (Endress and Mehler, 2009; Koelsch, 2016). Our 480 data indicates that this is unlikely, as we found that the amplitude of prediction error signals was modu-481 lated by the amount of phonemes presented before the point of deviance. Amplitudes when 4 congruent 482 phonemes (2 syllables) were presented before the point of deviance (XXY) were higher than when only 483 2 congruent phonemes (1 syllable) were presented (XYY). As the local transitional probabilities between 484 X 1 and X 2 were the same as between X 2 and X 3 (.92), this increase in amplitude indicates that the in-485 formation used to generate predictions was not restricted to consecutive phonemes. Instead prediction 486 strength was modulated by integrating information from several past phonemes.
487
One tentative interpretation of this modulation is that, as language processing is characterized by ex- 50 to 100ms from word onset are enough to generate a prediction regarding the initial phoneme of a word.
497
In the case of XYY deviants, the point of deviance is reached 325ms after pseudoword onset, which is 498 more than 3 times the suggested minimum time for prediction generation. Therefore, the difference in 499 elapsed time before deviance between conditions is unlikely to contribute to the observed difference in 500 prediction error amplitude.
501
Taken together our results suggest that even when no higher level linguistic information such as syn-502 tax and semantics is present, the human auditory system can use phonological information from several 503 past phonemes to generate predictions about forthcoming phonemes. In the experiments presented here, 504 participants were exposed to new pseudowords that were learned in a period of minutes. This implies a 505 formidable capacity of the auditory system to learn sequences of phonemes composing new words and 506 generate predictions within those words. This capacity might play a fundamental role in the difficult task 507 of mapping a complex, variable and noisy signal as speech into meaning. Moreover, the experiments 508 presented here use stimuli and abstract rules more complex and ecologically valid that the ones rou-509 tinely used in the study of auditory prediction, allowing to show that the auditory system can proactively 510 generate predictions. 
